Three of the resulting glasses were selected based upon visual appearance one was black and shiny and the other two had copious, visible metallic copper present (i.e., brown streaks). These three glasses were analyzed for iron REDOX and leaching behavior based upon the Product Consistency Test (PCT). The data indicate that the presence of precipitated, metallic copper does not negatively impact glass durability. Visual examinations of the glasses made in this study (which included those more reducing than expected in DWPF) indicated that metallic copper did not appear to collect on the crucible bottoms which provides some reassurance that metallic copper may not deleteriously impact DWPF melter life. However, it is recommended that at least a small-scale melter run be made to confirm these findings. Furthermore, composition measurements should be made to assure that no gross batching errors occurred as well as additional REDOX ratio and PCT responses to validate the measurements made. These results will make the conclusions of this study much more definitive.
INTRODUCTION
With theadvent of theprecipitition process forcesium mds&ontium removal from DWF wastes [I] , the addition of a copper catalyst was found necessary to catalyze the decomposition of tetraphenylborate (TPB) at lower temperatures since the original process was going to be high temperature and pressure [2] . The volubility of copper in borosilicate glass is dependent upon both the total copper concentration and the overalI REDuctionOXidation (REDOX) state of the glass. Iron REDOX (i.e., Fe*+/XFe)was shown by Schreiber to be a reliable indicator of the overall REDOX state of a DWPF glass [3] .
Historically it has been demonstrated that metallic copper will precipitate out of simulated DWPF waste glass melts under reducing conditions when the total copper concentration is greater than approximately 0.5°ACu and REDOX greater than 0.07 in glass [4, 5] . Precipitated, metallic copper, which normally appears as brown streaks, has the potential to (1) deleteriously affect the durability of the glass (or its prediction) and/or (2) shorten the melter lifetime (by collecting on the melter bottom and creating an electrical short short or perhaps by alloying with the Inconel electrodes and causing erosion [6] ). Consequently, there is currently a limit in the DWPF Product Composition Control System (PCCS) at 0.5 wt% total Cu [7] in glass.
With the proposed "Small Tank ITP" process, the product TPB slurry will not undergo a final wash, i.e. Late
Wash. Previous hydrolysis studies have demonstrated that the lack of a final wash tends to tilve the need for a greater copper catalyst requirement to produce an acceptable aqueous product, presumably due to a soluble radiolysis product that mitigates the effectiveness of the copper catalyst. A copper catalyst requirement of 1600 ppm was required to effectively hydrolyze a TPB slurry that had received an absorbed dose of 200 Mrad but had not undergone a final wash. With a final wash, the catalyst requirement was 475 ppm.
Although the product slurry from the "Small Tank TPB" process will receive significantly less absorbed dose, the concern was mised that the current copper limit in glass (0.5 wt%) will be too restrictive to produce an acceptable aqueous product during hydrolysis. The bases for this concern are as follows:
q The lack of a final wash of the TPB SIUITY prior to hydrolysis q Doubling of the aqueous product solids content in the glass product q The desire to produce a melter feed more reducing that that which served as the basis for the 0.5 wt??ocopper limit Calculations suggest that if the copper limit could be raised to 1.0 wt% in glass,. the corresponding catalyst requirement during hydrolysis (1600 to 1900 ppm) would likely be adequate to produce an acceptable aqueous product. Consequently, it was recommended that a scoping study be performed assessing the impact on glass durability and metallic copper production over a copper range of 0.50 wt% to 1.0 wt% and over a REDOX range (i.e., Fe*+/ZFe)of 0.09 to 0.33.
The main purpose of this study is to estimate, as functions of total copper concentration and iron REDOX, any dependence of the leaching behavior (as indicated by durability) of borosilicate glass on metallic copper. A secondary task is to provide some qualitative evidence as to whether there is a tendency for the metallic copper to settle in the crucible melt. Glasses were fabricated from feeds incorporating approximately 0.5 to over 1.0 wt% total copper in glass at varying targeted iron REDOX ratios. These glasses were made to span the acceptable DWPF range of 0.09 s Fe2+LZFes 0.33 for iron REDOX [8] . Glasses with REDOX ratios below 0.09 may foam and accelerate refractory corrosion; whereas, those with REDOX ratios greater than 0.33 may experience metallic nickel and nickel sulfide formation and deposition. These conditions, therefore, represent significant operational and/or melter life concerns for DWPF and must be examined prior to going to higher total copper concentrations in DWPF glass.
Three of the resulting glasses with a targeted, total copper concentration of 1 WWO in glass were selected based upon visual appearance. One of the glasses was oxidized and, thus, black and shiny. The other two glasses were much more reduced and exhibited copious, visible metallic copper. These three glasses were analyzed for iron REDOX [9] and leaching behavior using the Product Consistency Test (PCT) [10] . The data indicate that the presence of precipitated, metallic copper does not negatively impact glass durability. Visual examinations of the glasses made in this study containing up to 1 wt% total Cu in glass (and which included those significantly more reduced than those expected in DWPF) indicated that metallic copper did not appear to collect on the crucible bottoms, even at much longer melt times than required for REDOX determination. This evidence provides some reassurance that metallic copper may not deleteriously impact DWPF melter life. However, these experiments cannot duplicate the feeding and idling of a melter over a period of years so Cu deposition cannot be ruled out completely.
EXPERIMENTS AND RESULTS
Originally, it was intended that the SRTC GTOP procedure [11] for REDOX vitrification be used directly to fabricate glasses for this study. C. M. Jantzen, who originally wrote the procedure, demonstrated it for the engineers and technicians participating in the study. A. D. Cozzi and R. F. Schumacher, who have also done extensive research in glass REDOX testing, were consulted prior.to the beginning of testing. Based upon all information provided, it was discovered that a number of minor changes were necessary so that the glasses necessary for these tests could be provided. The final process was to dry the crucibles of about 40 grams of SME product for 3 hours at 90"C, since sucrose was being used as the reducing agent. If formic acid is used then a lower drying temperature like 70°C must be used since formic acid has a boiling point similar to that of water. After drying, the crucibles were sealed with lids using nepheline gel and cured for 1 hour at 90°C. After curing, the crucibles were placed into a pre-heated 1150°C oven and baked for 1 hour. Initially upon placing the 90°C crucibles into the 1150°C oven, the crucible lids would pop up and back down before the nepheline seal vitrified. Attempts were made to eliminate the popping by increasing the drying time and temperature but the final conditions stated earlier were chosen after consulting with C. M. Jantzen. It is believed the popping is due to rapidly expanding air trapped in the 90°C crucible and cannot be eliminated unless the crucibles are evacuated while drying. After initial examination of glasses made, the popping did not matter as long as the crucible resealed itself. Other details concerning the experiment are provided in the appropriate laboratory notebook [12] .
Since the concentration of metallic copper (as evidenced by brown streaks) in glass depends upon the total copper concentration and REDOX, a limit on the maximum total copper concentration in glass has been set because of suspected, possible deleterious effects of metallic copper on important glass properties like durability. During Qualification Runs and initial sludge-only radioactive operation, the limit on total copper did not present a serious operational constraint. However, because of the kinetics in the proposed Small-Batch ITP Alternative for Salt Disposition, much more copper may have to be 'added during precipitate processing than originally intended; this increased copper addition may correspond to as much as 1 wt%ototal Cu in the resulting glass product. Copper is higher because it maybe higher in the PHA and the PHA loading in the glass will be higher. This is considerably higher than any limit previously set for maximum copper concentration in DWPF glass [13] . However, since no one has yet proven that metallic copper has a deleterious impact on DWPF glass properties or has a tendency to settle, this study was designed to provide an indication of potential difficulties from increased copper concentrations in glass.
The original study design is provided in Table I . The original feed material had a density (p) of 1.3 g/ml, total weight percent solids (o) of 47Y0,calcined solids (c) of approximately 40'Yo, and a predicted REDOX of 0.217. The original feed contained no copper and was doped with copper nitrate, CU(N03)2,to three copper levels (i.e., 0.5, 0.75 and 1.0 wt%) and sucrose, CIZH22011, and nitric, acid to three REDOX values (i.e., 0.091, 0.2, and 0.333). For the fwst four tests (which were labeled #l through #4 as indicated in Table I ), approximately 30 grams of melter feed was initially added to each 100 ml alumina crucible. Then the necessary quantities of CU(N03)Z,sucrose, and nitric acid were weighed out and added corresponding,to the desired target REDOX ratio (or Fe2+LZFe)and total WtO/O Cu in glass.1 The resulting melter feeds were then dried to tackiness in an oven at temperatures between 70 and 90"C. The crucibles were then sealed using a nepheline gel and then the seals were cured for another hour at 90°C. After curing the four crucibles were placed in a preheated fimace (at 1150°C) for one hour for vitrification. After one hour, the crucibles were removed, the seals checked for integrity, and finally allowed to air cool. The glass was then broken out of the crucibles for examination for brown glass. The chemical fOrmUlafOr this compound is given as CU@O&"3H20. The nitrate contribution from this compound is accounted for in the Fe2+LXFe prediction; the volume contribution is assumed to be negligible. The chemical formula for sucrose is C12H22011. The volume contribution from sucrose is assumed to be negligible. The total, measured iron concentration in the starting material is 6.95 grams/100 grams glass. The addition of nitric acid necessary for this particular run both insignificant and smaller than can be reliably added). This is assumed to be a 50% (or 10.35M) nitric acid solution with p = 1.3043. The mass provided will supply 9.625x10q moles of HNOS. This is assumed to be a 50% (or 10.35M) nitric acid solution with p = 1.3043. The mass provided will supply 1.915x10-3 moles of HNOS.
The visual results for the first four glasses (i.e., #1 through #4 as indicated in Table I ) agreed with the results of earlier studies. Glasses #1 and #2, both of which were fabricated to cont&n 1 wt% Cu in glass, at REDOX ratios of 0,333 and 0.2, respectively were both brown with black swirls indicating copious amounts of metallic copper. An image of GIass #2 is shown in Figure 1 . If any visual anomalies like deposits, streaks, or specs were observed in the glass they are annotated in the figures. Glass #3, which also was targeted to contain 1 wt'%o total Cu in glass, and Glass #4, to which no copper was added, were targeted to be at the oxidized end of the acceptable range for DWPF (i.e., Fe2+LZFe = 0.09 1). Both of these glasses were black and shiny as evidenced in Figure 2 for Glass #4. These results indicated that the procedure was being executed properly and that sucrose appeared to provide predictable reduction; however, it was also obvious from these results that insufficient glass (i.e., approximately 12.75 grams) was produced from the 30 grams of melter feed for the REDOX and durability analyses that would be ultimately required. Therefore, the remainder of the tests were performed using more melter feed materiat. Table II illustrates the revised design for the remaining tests using approximately 40 grams of melter feed per crucible. In these tests, the researcher did not attempt to obtain the exact amount of melter feed specified (e.g., in Table II ) as attempting to add small quantities of melter feed historically has significantly altered the weight percent solids of the material being vitrified. This has,resulted in unexpected results. Using the same procedure (except using approximately 40 grams of melter feed per crucible)? Glasses #5 through #8 fiomTable 11were fabricated and visually examined for metallic copper. These glasses (of which #5 through #7 were targeted to contain 0.75 wt% total copper) closely resembled Glasses #1 through #4; that is, GIasses #5 and #6, which were targeted at REDOX ratios of 0.333 and 0.2, respectively, were again brown with black swirls. The other two 2 In the remaining tests, the experimenter would add the approximate target amount of melter feed material to a pre-weighed alumina crucible. The mass of melter feed would be measured and used to recompute the amounts of copper nitrate, sucrose, and nitric acid necessary to obtain the target total copper concentration in glass and REDOX ratio. An example of this computation is provided in Appendix B.
glasses, #7 and #8, were black and shiny as expected. Thus the decrease in targeted total copper concentration from 1.0 to 0.75 wt% did not significantly change the visual appearance of the glasses made. However, it was again apparent that not enough glass was being produced for the necessary durability and REDOX testing as a significant quantity of glass was unrecoverable just by breaking apart the crucibles. . Thus the next set of four crucibles (i.e., #9 through #12 from Table II) were filled with approximately 45 grams of melter feed as this appeared to correspond to the maximum volume of melter feed that would' leave sufficient freeboard in the crucible during vitrification. The necessary copper nitrate, sucrose, and nitric acid were increased accordingly. Note that these four glasses (i.e., #9 through #12) inTable'11 are targeted differently than those shown in Table I . Due to time and resource constraints, it was decided to fabricate the glasses necessaf or durability testing next. Since the glasses targeted at 0.75 and 1.0 wt% total copper acted similarly, the glasses that would be used to determine whether there was a significant impact of metallic copper on durability were fabricated to be 1 wt?/o total Cu in glass as shown in Table II . Furthermore, to assure that there was sufficient glass available for testing, duplicate crucibles were prepared at either end of the acceptable DWPF REDOX range (i.e., Fe2+LZFefrom 0.091 to 0.333). This would provide the maximum change in REDOX over which to find any potential effect on the PCT response.
The glasses were fabricated and then broken away from their respective crucibles. Again visual examination of these glasses agreed with expectations as the two glasses (HI 1 and #12) targeted at the oxidized end of the acceptable range were black and shiny like shown in Figure 5 . The two glasses targeted at the reduced end of the acceptable range were either completely brown for Glass #9 (See Figure 6 ) or brown with black swirls (for #lO). For the REDOX ratio and durability tests, only three glasses were chosen due to resource and timing constraints. Both reduced glasses were chosen since there already exists considerable information concerning PCT responses for oxidized glasses; Glass#11 was selected (as the oxidized glass for comparison) since it had the most recoverable glass. Approximately 2 grams were collected from glmses #9, 10, and 11 and sent to the Mobile Laboratory for REDOX ratio measurement. The approximately 12 grams of glass remaining from each of these three trials were sent to R. J. Workman of SRTC for PCT preparation and testing. The resulting PCT leachates were measured in duplicate by the SRTC Mobile Laboratory as part of an existing designed study [14] ; this significantly reduced costs.
.~c . The results of the REDOX and PCT measurements for Glasses #9, 10, and 11 (including relevant glass standard information) are provided in Table III . It appears from these results that either the sucrose was a more effective reductant than originally thought the formate concentration was underestimated, or both. However, the fact that measured REDOX ratios are outside the DWPF acceptable range should not matter for this particular study as only the effect of metallic copper on PCT response is under consideration. The acceptable range is bounded by the data in Table I , and metallic copper is only visually evident in the more reduced glasses. This should allow any effect of metallic copper to be investigated.
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The measured PCT releases are also provided in Table III for B, Li, N% and Si. These results indicate that there was no significant impact of metallic copper (1 wt%) on PCT response for these glasses, i.e. all glasses had acceptable PCT responses based upon EA glass. This is despite the fact that the more reduced glasses (i.e., #9 and 10) in this table, which were targeted at the same elemental composition, should have been, in theory [15] , less durable than the more oxidized glass (i.e., #11). From these results, there appears to be no apparent danger from brown glass in terms of its effect on glass durability based upon the PCT. However, more tests will be necessary to make this assertion definitive. Another set of experiments were executed while waiting for the measured values represented in Table 111 . Glasses #13 through #16 from Table II were fabricated to see if decreasing the target total copper concentration to 0.5 wt'% in glass-the current DWPF limit [7] -would profoundly change the appearance of the glasses produced. The glasses were broken away from their respective crucibles and examined visually. Glasses #13 and 14 were brown with black swirls and half brownhalf black, respectively. An image of Glass ##13is shown in Figure 7 . From the results presented in Table III , these glasses may have been significantly more reduced than targeted which may have accounted for the copious amounts of metallic copper present. Glasses #15 and 16 were both black and shiny, as expected. An image of Glass #15 is shown inFigure 8. Thus for a constant targeted REDOX ratio, there does appear to be a general diminishment in the amount of visible metallic copper present in the glasses as the total targeted copper concentration decreases. However, there can be significant metallic copper present in these glasses even when the targeted copper concentration is at the current DWPF limit of 0.5 wt% in glass. The data in Table III suggests that there is not likely any deleterious effect of this metallic copper on the PCT response. Thus there appears to be no profound deleterious effect of metallic copper on the PCT response; however, this was not the only potential problem stemming from metallic copper at visible levels. If metallic copper forms in the melt, there is some chance that a sufficient quantity of it may settle to the melter floor to create a conductive path and resulting electrical short. Thus any indication that the copper is settling-even in a crucible-would be important information for DWPF process control.
For the glasses produced from the first 16 trials, there was no indication that metallic copper was settling to the crucible floor. On the contrary, there was normally a darker, occasionally black, region of glass around the crucible bottom, sides, and melt line. This was considered to be likely a reaction between the glass and either the alumina crucible or air that resulted in a small layer of more oxidized glass. For the glasses that contained both brown (i.e., visible metallic copper) and black glass, the brown glass did not seem to be any more likely to be closer to the bottom of the crucible than the top. The metallic copper thus appeared to remain suspended in the glass; no tendency to settle was observed for the 16 glasses melted for an hour based upon the vitrification for REDOX measurement procedure.
However, the results for the original 16 glasses beg a question as to whether the copper would settle given more time to do so. To provide information concerning this potential phenomenon, a set of four additional glasses, #17 through 20, were fabricated using a much longer melt time of over eight hours. Furthermore, since there was insufficient funding to measure compositions for the glasses, two of the glasses (i.e., #17 and 18) were targeted for a total copper concentration of 1.25 W% in glass to assure that glasses with total copper concentrations greater than 1 wt%oin glass would be considered. Glasses #19 and 20 were again targeted at a total copper concentration of 1 wt% in glass. Also since the REDOX ratio measurements were not available at the time of the experiment, sufficient sucrose was added to two of the glasses (i.e., #18 and 20) to attain targeted REDOX ratios of Fe2+LZFe= 0.5. The final two glasses (i.e., #17 and 19) in this study were targeted to have REDOX ratios of Fe2+LZFe = 0.333.
Glasses #17 through 20 were melted at 1150"C for over eight hours. After cooling the glasses were broken away from their respective crucibles and examined. All four glasses were primarily brown throughout the middle layer. Glasses #17, 19 and 20 exhibited a darker layer around the crucible and melt interfaces. Glass ##l8 was consistently brown throughout including the interfaces. For the two glasses (i.e., #17 and 19) targeted at a REDOX ratio of Fe2+LZFe= 0.333 (which may have had significantly higher REDOX ratios as indicated in Table III) , there again was no evidence of metallic copper settling. However, the two glasses (i.e., #18 and 20) that were targeted at very reduced conditions of Fe2+LSFe= 0.5 (and which were likely even more reduced), possessed small, round metallic nodules in at the glass-crucible bottom interface. Please seeFigure 9 and Figure  10 for images of Glass 18 and Glass 20, respectively, where nodules are identified. Similar results have been observed by other researchers. These nodules were IikeIy comprised of either metdic nickeI, metallic copper, and nickel or copper sulfide. It is recommended that these nodules be examined to identifi the major constituents. However, despite the appearance of the (likely) metallic nodules, this would not appear to present new concerns for DWPF processing as the glasses were much more reduced than allowed in DWPF. There was no evidence of metallic deposition in the glasses studied until conditions were unreasonably reduced: conditions where the deposition of metallic nickel has already been observed? Thus, based upon the information obtained in this study, there is no reason to expect any novel deposition concerns associated with the higher copper concentrations studied at allowable REDOX conditions.
3 According to Schreiber [3] , the flactions of metallic nickel and copper at the conditions where deposition was discovered were approximately an order of magnitude higher than those expected for the most reduced conditions currently allowed for DWPF processing. Table IV summarizes the experiments, measurements, and visual results for the twenty glasses fabricated for the copper study. Most of the added masses represented in this table were very close to those targeted in the designs provided in Table I and Table II . The only mass that is somewhat distant from the corresponding targeted value is that of the sucrose added to Glass #20. This occurred because a target value of 0.757 grams was translated into a value of 0.575 grams prior to the addition. However, this mass of sucrose still translated into a target REDOX ratio greater than 0.40 (and likely higher in the actual glass based upon the results in Table III) ; therefore, the REDOX ratio of Glass #20 was most likely considerably above the upper limit of 0.33 for DWPF processing.
The only other minor discrepancies in the data involved the final total copper concentrations in the glasses produced when the measured mass of glass was used to compute the concentration. Most of these differences were significantly less than 7°/0of the original target value. This difference is well within the 95°/0confidence limits [7] that would be associated with measurements of the total copper concentration. Thus these differences do not appear significant enough to cast doubts on the conclusions drawn in this memorandum. For example, it is unlikely that a small increase in the total copper concentration in Glasses #9 through 11 would result in vastly different PCT responses and, thus, change the conclusion that the metallic copper appears to have no profound, deleterious impact on the PCT response. Finally, the results for Glass #17, which certainly contained more than 1 wt% copper, reinforces the fact that settling was not observed in these studies for any reasonable REDOX conditions for DWPF.
A PHA LIMIT FOR PROCESSING Thus, based upon these results, it appears that as much as 1 wt% total copper maybe tolerated in DWPF glass. Since copper primarily comes from the PHA stream (where it is added as a catalyst), this maximum limit in glass can be translated into a limit on the amount that can be added to the PHA. From the PHA/Glass testing studies currently being performed by SRTC, the maximum fraction, p, of PHA oxides (not including the MST) expected in glass is 0.13 [16] . Since it can be assumed that all copper will come from the PHA stream, then the maximum total copper concentration in glass, C8,can fwst be translated into an analogous constraint on the maximum total copper concentration that can be tolerated in the PHA, CP,on an oxide basis:
Cg s 1.0 grams Cu/100 grams glass Normally, the computed PHA oxides (since PHA material cannot be calcined) per gram of measured PHA total solids is approximately 0.40. Denote the parameter describing this ratio as~P. Thus this limit on a total solids basis, SP,is:
= 3.08 grams Cu/100 grams PHA total solids. P 0.13
Finally, since the PHA composition is measured based upon a total slurry basis (i.e., ppm), the measured total solids, COP grams total solids per gram of slurry, for the stream can be used to translate the copper limit into one, Pp, on fie same basis as the pHA composition measurements. Using a nominal value ofop = 0.06 provides the following limit on total copper in the PHA stream: This limit will need to be recomputed whenever the PHA material changes. The pertinent error information should be used to assure that the copper concentration in the PHA is low enough as to not violate the glass limit.
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